Abstract: Submerged arc welding is the most applicable and productive procedure when thick sections have to be welded. Nevertheless, the manufacturers of pressure vessels, pipelines, ships and offshore structures keep on looking for new and modern design solutions of equipments and technologies which should lead to increase of welding process productivity. For instance, the longitudinal welds of pipelines are, mostly, performed by submerged arc welding procedure with multiple arcs and/or multi-wires, such as twin, tandem or twin-tandem, in order to increase the process productivity. However, achievement of optimal mechanical properties of the welded joint should remain the most important quality criteria. It is well known that dependence of the mechanical and metallurgical changes on heat transfer plays a major role in obtaining of safe welded structures and preserving of their structural integrity. That is why the investigation of heat transfer induced by the welding process is required. Furthermore, setting of distance between thermal sources and its influence on the overlapping phenomenon of temperature fields should be explored when submerged double-arc welding procedure is applied. Three dimensional finite element model of butt welded joint -used for simulation of heat transfer in pipeline steel joint performed by submerged double-arc welding process -is developed and described in this paper. Numerical results and a comparative analysis related to the temperature distribution, thermal history, and temperature variation in cross section of the welded joint at different time steps are discussed. Finally, important conclusions regarding the influence of distance between thermal sources on thermal effects and temperature fields overlapping are drawn.
Introduction
It is well known that dependence of the mechanical and metallurgical changes on heat transfer plays a major role in obtaining of safe welded structures and preserving of their structural integrity. That is why investigation of heat transfer induced by the welding process is required. The most interesting regions in the analysis of heat transfer are the fusion zone (FZ) and heat affected zone (HAZ), where high temperatures are reached and, further, lead to phase transformations and alterations of the mechanical properties of the base metal. For this reason, a numerical investigation of the heat transfer could predict the material behaviour during the welding process. The longitudinal welding is a common joining type in fabrication of pipelines used in the gas transport infrastructure from whole world. The weld joint performed in this way is subjected to various types of stress, deformation, axial and radial shrinkage. These effects induced by the welding processmore precisely by the heat transfer generated by the welding process and, then, developed in entire joint -may lead to damages. The quality of the welded joints and process's productivity applied are directly influenced by thermal processes developed during welding. However, achievement of optimal mechanical properties of the welded joint should remain the most important quality criteria.
Finite element analysis, based on numerical methods, is very useful to predict distortions and residual stresses, caused by welding, even from design stage of product. Many two-dimensional and three-dimensional numerical models were developed in order to simulate one of most complex technologic processes such as welding process.
A complex model of the thermal source -often used in the modelling and simulation of the welding process -was developed by Goldak, who reported the heat source as an ellipsoid model [1] , [2] . As a particularity, Goldak modelled the heat flux in different ratios in front and in the rear of the thermal source. Other models for thermal sources were developed by Sabapathy et al. [3] and Ravichandran et al. [4] . Ueda and Yamakawa [5] , Hibbitt and Marçal [6] could be considered pioneers in development of finite element method applicable in the welding process simulation field. Based on the coupled sequential analysis technique, Friedman [7] , Andersson [8] developed a specific procedure applied in simulation of welding process. The analysis of the thermo-physical phenomena, conducted during butt welding of plates, was made by performing only a half numerical model and obtaining a great economy of computing and numerical analysing time. A significant contribution was introduced by McDill et al. [9] , [10] , [11] , [12] who introduced a dynamic adaptive discretization of elements mesh. Besides, finer mesh is needed in the important regions of the welded joint, where the temperature gradients are high and metallurgical and mechanical properties are seriously affected [13] , [14] .
Three dimensional finite element model of butt welded joint -used for simulation of heat transfer in pipeline steel joint performed by submerged double-arc welding process -is developed and described in this paper. Furthermore, setting of distance between thermal sources and its influence on the overlapping phenomenon of temperature fields is investigated.
Numerical Model Development
In the case of welding by fusion, temperature field profile depends on primary welding parameters -voltage, amperage, welding speed -thermo-physical properties of the base materialspecific heat, mass density, thermal conductibility, thermal diffusivity -and heat loss by convection and radiation. Two double-ellipsoidal heat sources are considered in simulation of pipelines which are, longitudinally, welded by submerged double-arc welding [15] . The model of pipeline with thickness of 19.1 mm, including the X gap between the edges of cylinder (prepared according the API-5L standard) and the mesh refined in the most interesting joint's regions is illustrated in Fig. 1 .
SOLID7 element (eight-noded, isoparametric, three-dimensional brick elements) is recommended for the thermal and structural analysis. A trilinear interpolation function is used to describe the temperature within each element based on the nodal temperatures. Values of temperature and flux gradients are predicted in the entire welded joint. Still, they are particularly pursued in and around the fusion zone (FZ) and heat affected zone (HAZ), where metallurgical and mechanical properties are seriously affected. A successive refinement of mesh is applied in these regions. In order to save time of computing, analysis and processing of data, the finite elements dimensions are larger far away from these areas. The heat transfer in the pipeline was modelled as 3D heat transfer problem using the MSC Marc Mentat code. The numerical model has been developed, taking into consideration the following assumptions: The initial temperature of the base metal is considered 20C. During the whole process, the welding speed of each heat source is similar and constant. The heat input, specific to each heat source, is kept constant. First welding source heats and melts new regions in front of it, performing the first layer, and plays a preheating role for the second source which makes the next pass of the weld [16] . In the numerical analysis, the entire simulation process was divided into four distinct phases, similar to the real welding process:
1.
At the beginning of the welding process, the first thermal source moves with constant speed along the longitudinal axis of the joint; 2.
When the first source has travelled a distance of 100/150/200/250 mm, the second thermal source starts to heat the parent metal; 3.
In the third phase, the first source ends the heating action on the joint and the second thermal source keeps moving until it reaches the end of the pipeline; 4.
The welding process starts again on the backward of joint, repeating the phases 1 to 3. Between the third and fourth phases, the joint is left 10 minutes to be free cooled. The welding sources are modelled according to Goldak's model in which the heat flux has different ratios in front and in the rear of heat source (Fig. 2) . The governing equation for transient heat transfer analysis is given by Eq. (1) and the spatial heat distribution which is different in front and in the rear of the thermal source can be computed by applying the equations (2) and (3) [1] : The accuracy of numerical results depends on the input data accuracy and boundary conditions, which must reproduce as close as possible the real conditions of the process. In the table 1, the real dimensions -a, b, c f , c r -specific to thermal source and the welding parameters -amperage, voltage and welding speed -specific to the submerged double-arc welding process are respectively presented. 
Temperature Field Analysis
A non-uniform temperature field is generated at the beginning of the welding process and temperature distribution within the transient phase is influenced by heat developed by the electric arc. The welding process was simulated, respecting all phases described above, and the distance between welding sources was considered variable (d=100/150/200/250mm), resulting four case studies. To understand the heating mechanism which strongly depends on the welding regime and the distance between the welding sources, captures of temperature field both on top and bottom of joint were made at the same time. Time of 30 seconds -enough to achieve a stable temperature field specific to steady-state of the process -was considered from the beginning of the process on each side of joint. General views of temperature field versus distance between electric arcs are presented in Fig. 3 to 6 . It is obviously that increasing the distance between the welding sources, a decrease of temperature is obtained. This simulation reveals how great are the temperature decrease and influence of distance on the heat process induced by welding. Changing the distance between thermal sources, the distribution of temperature is changed, but also cooling speed of joint. That means a different mechanical and metallurgical behaviour of parent metal subjected to welding, with implications on the safety of pipelines used for gas transport. C when the distance is highest. This slight increase is the effect of welding performed on top surface and seems to be similar to a preheating leading to a decrease of cooling speed. Preheating is a common practice in welding high-strength steels, because it reduces the risk of heat-affected zone cracking. Higher welding speeds lead to higher cooling rate and, further to the finer cells, while at lower welding speeds the cooling rate is lower and the cells are coarser. 
Results and discussion
At the beginning of the process, so called transient phase, due to the low temperature of the plates and the instability of the process, heat affected zone (HAZ) is less extended. In the steadystate or equilibrium phase, the welding process is stabilized and the temperature field has the same shape in each moment. In the areas of the heat sources, the temperature gradients are high, involving a specific behaviour of the base material and a degradation of its metallurgical and mechanical properties.
Based on the finite element modeling, the numerical results were processed and four charts representing temperature vs. distance to the longitudinal axis of the welded joint -of the nodes marked on the upper surface of joint -were plotted, as Fig. 8 shows. Taking into consideration the distance between the welding sources -d=100/150/200/250 mm -the thermal history was analysed and drawn as Fig. 9 and 10 illustrate. It can be noticed the specific shape of thermal cycles achieved in the case of double-arc welding. The only node which is subjected to a simple thermal cycle is that from the weld reinforcing, node 19606, which had belonged to gap during approaching of first heat source. The other nodes (19626, 19627, 80194) belonging to the base metal are subjected to a double thermal cycle described by a heating-cooling-heating-cooling complex cycle. So, when the first heat source approaches these nodes, the temperature begins to increase and reaches the maximum value when welding source is closest to them, on the same transversal line. Then, first source moves away and first cooling phase begins and lasts few seconds. After that, due to the approaching of the second heat source, the temperature increases for the second time. The maximum temperature is reached in the node 19606, out of the weld reinforcing, because the second layer is deposited on the first warm layer performed by the first welding source. The peak temperature and also the time corresponding to reach of peak temperature depend on the distance between welding sources (Fig. 9, Fig. 10) . Synthesizing, the following data were achieved: d=100mm/T max =2025 Once the second layer is performed and the second welding source passes from the second time nearest the nodes investigated, the last cooling phase of the thermal cycle is developed. Finally, the last phase of the process is free cooling of the welded joint and begins when the action of the both heat sources ends.
Conclusion
Three dimensional finite element model of longitudinal butt welded joint was developed and described in this paper. This original model can be applied for simulation of heat transfer in pipeline steel joint performed by submerged double-arc welding process. There are few specific aspects which have to be emphasised when submerged double-arc welding is applied:

The nodes which are located in HAZ are subjected to a double thermal cycle consisting in a complex succession of heating-cooling-heating-cooling phases.
On the other side, the nodes belonging to the gap and, further, to the weld reinforcing are subjected to a simple thermal cycle generated by the influence of the second welding source.
The peak temperatures reached within the heating phases is strongly dependent on the distance between the welding sources. They decrease with distance decreasing.
Due to the increase of distance, time needed to reach the peak temperatures increases with distance increase. In order to have a complete view on the pipeline steel behaviour, the research should be continued with investigation of mechanical and metallurgical changes, so that the optimum distance -corresponding to the achievement of best properties of the base material -should be set, according to the data on the temperature field and thermal cycles described in this work.
